Co-doped ZnO nanoparticles are synthesized by co-precipitation method. The incorporation of Co ions into ZnO wurzite structure with increasing Co concentrations was followed by X-ray diffraction. Sample structures were further studied by infrared spectra, from which a broad and strong absorption band in the range of 400 -700 cm −1 and -OH stretching vibrational mode approximately 3400 cm −1 were observed. Ultraviolet-visible measurements showed a red shift of the absorption edge and four peaks at 468, 515, 577 and 629 nm in its reflectance spectra with increasing Co content. Magnetic measurements showed a ferromagnetic behavior for all samples. From the ESR spectra the presence of Co-metal clusters and Co-oxide precipitates are not observed and can be excluded as the origin of ferromagnetic in our samples. The ESR results are supported by UV-Vis measurements data.
Introduction
Transition metal (TM)-doped ZnO nanoparticles are promising candidates for a variety of practical applications due to their potential applications due to the charge and the spin of electrons that lead to a new magnetic, optical and transport properties of these materials. Numerous studies of these materials grown by several methods have exhibited room temperature ferromagnetic (RTFM) [1] [2] [3] [4] . A number of studies have been reported to exhibit room temperature ferromagnetism in V-, Mn-, Fe-, Co-, Ni-, and Cu-doped ZnO [5] [6] [7] [8] [9] [10] . However, the origin of the room temperature ferromagnetism is still a matter of controversy [11] [12] [13] [14] and raised questions about the role of the dopants. According to theoretical prediction transition metal doping in metal oxide such as ZnO would lead to ferromagnetism behavior. However, in the experiments this ferromagnetism behavior is also inconsistent. It seems that ferromagnetism behavior is very sensitive to the preparation method. There is some evidence that the observed ferromagnetism in TM-doped ZnO may arises from precipitation of secondary phase not from the replacement of Zn ion by TM ion in ZnO lattice [15, 16] . On the other hand, there are results that exhibited the absence of secondary phase or magnetic clusters, supporting the intrinsic ferromagnetic origin. In addition, several groups [17] [18] [19] observed RTFM in undoped ZnO, TiO 2 and HfO 2 which did not contain transition metal ions and proposed that the defects at Zn sites and oxygen vacancies are responsible for the observed ferromagnetic behavior. Indeed, some authors [20] [21] [22] [23] [24] [25] report that the presence of defects like oxygen vacancies play an important role in the indirect exchange mechanism. Recently, theoretical study suggested that oxygen vacancies can make a significant contribution to the ferromagnetism by forming bound magnetic polaron (BMP). From theoretical and experimental point of view the presence of ferromagnetism in transition metal doped-ZnO still continues to be an open topic.
In this work we report an investigation of structural, optical and magnetic properties of ZnO particles doped with Co. The co-precipitation method was used due to the method being cost effective, which requires low temperatures for processing and a high degree of solubility can be achieved [26] . The magnetic, structural, and electronic properties were investigated using a vibrating sample magnetometer (VSM), X-ray diffraction (XRD), energy dispersive X-ray (EDX) spectroscopy, Fouriertransform infrared spectroscopy, UV-Vis spectro-photometry and electron spin resonance (ESR).
Experimental
The starting materials, zinc sulfate heptahydrate (ZnSO 4 ·7H 2 O, 99%, Merck) and cobalt chloride hexahydrate (CoCl 2 ·6H 2 O, 99%, Aldrich) were used without further purification. Specific amounts of ZnSO 4 ·7H 2 O and CoCl 2 ·6H 2 O were dissolved in distilled water depending on the desired degree of Co-doping. For convenience, these solutions are designated as solution A.
Solution A was then placed in an ultrasonic cleaner operating at a 57 kHz frequency for 2 h. Simultaneously, 44 mmol NaOH was added to 440 mL of de-ionized water to generate solution B. After sonication solution A was subsequently stirred with a magnetic stirrer at room temperature and then solution B was added until the final pH of the solution reached 12. The solution was further stirred for 0.5 h under constant magnetic stirring and then allowed to remain at room temperature for 18 h. Subsequently, the solution was centrifuged and washed several times with ethanol and distilled water to remove residual and unwanted impurities. The final product was dried in a vacuum oven at 200˚C for 1 h yielding Codoped ZnO powders.
The existence and composition of Co dopants were determined by energy-dispersive X-ray spectroscopy (EDX) LEO 420. To evaluate the phase purity of the samples, X-ray diffraction (XRD) measurements were performed using a Philips PW 1710 and monochromatic Cu-Kα (λ = 1.54060 Å) radiation operated at 40 kV and 20 mA in the range of 10˚ to 80˚. The instrumental broadening including the instrumental symmetry was calibrated using a Si powder standard sample. The X-ray diffraction patterns were analyzed by means of the MAUD program using the Rietveld whole profile fitting method to determine the crystal structure and lattice parameters.
Structural properties were further examined using Fourier transform infra red (FTIR) spectroscopy. FTIR spectra of the powder samples were recorded using a Shimadzu Fourier transform spectrometer. All spectra wereobtained using pressed pellets of the prepared samples in potassium bromide (KBr) in the range of 400 -4000 cm −1 with a resolution of 4 cm
. To study the electronic interaction near the optical band gap resulting from the addition of dopant atoms diffuse reflectance UV-Vis measurements were performed using a Shimadzu UV-Vis spectrophotometer with an integrating sphere and a spectral reflectance standard in the wavelength range of 200 -800 nm.
Magnetic measurements were carried out at room temperature using an Oxford Type 1.2 T vibrating sample magnetometer (VSM). Powder samples were tightly packed in a clear plastic drinking straw. Magnetization data was recorded as a function of applied magnetic field from 0 to ±1 Tesla. The backgound signal from sample holder has been corrected for the data reported in this study.
To obtain information on oxidation state and site occupancy of the Co and Mn ions in the ZnO matrix electron spin resonance (ESR) was carried out using X-band JEOL JES-RE1X at room temperature and an X-band spectrometer equipped with 9.1 GHz field modulation unit. The resonance was optimized for modulation amplitude, receiver gain, time constant and scan time. The amount of sample used in all measurements was kept constant. DPPH was used as the standard. The shape and area of the ESR spectra were analyzed using standard numerical methods.
Results and Discussion
EDX analysis confirmed the presence of doping elements in the samples. Table 1 provides representative EDX spectra for the Co-doped ZnO nanoparticles. Elemental analysis revealed that the samples contain target elements within the detection limit of EDX. Quantitative characterization of the Co/Zn ratio was performed by calculating the area of the corresponding spectral K lines of EDX spectra. The amounts of Co in the ZnO particles were found to vary between 3 -18 at%. These results are an average of four values from different regions. Table 1 illustrates how the Co incorporation in ZnO nanoparticles varies as a function of the initial cations ratio used in the synthesis. It appears that the amounts of Co incorporated in the samples are slightly lower than the amounts of Co introduced in the synthesis.
XRD measurements were employed to investigate the structural properties and average crystallite size of the Co-doped ZnO samples, in addition to evaluate the phase purity. Representative XRD patterns shown in Figure 1 reveal the presence of the wurtzite ZnO phase and no other impurity phases even for samples doped with the highest Co concentrations of approximately 18 at%. This indicates that the wurzite structure is not influenced by incorporation of Co. No secondary phases such as CoO, Co 2 O 3 or ZnCo 2 O 4 were observed in the samples, as shown in Figure 1 , suggesting that Co occupy the zinc sites in the Co-doped ZnO samples. In all XRD patterns, the (101) peak is dominant, and its intensity is higher than that of the other peaks indicated that the preferential growth of [101] orientation along c-axis for all samples. Compared to diffraction pattern of undoped ZnO, the positions of diffraction peaks of Co-doped ZnO gradually change with doping, revealing interesting variations in d values, lattice parameters a, and c and lattice volume V.
The lattice constants were calculated from the Rietveld refinement of the diffraction pattern using the MAUD program and are summarized in Table 1 . The results are comparable with those of undoped ZnO [27] and CoO [29] .
A gradual decrease at the lattice parameter has been observed, dependent on the doping Co atoms in ZnO lattice. Although the change is very small, the variation of lattice parameters with the concentration of dopant gives an indication for the Co ions substituting in the 
3 [28] right © 2013 SciRes ZnO lattice structure since the ionic radii of Co 2+ (0.58 Å) are less than that of Zn 2+ . The ratio of lattice parameters (c/a) as a function of dopant concentration is also shownon Table 1 . The values have a good correlation with the standard value (1.60) and indicated that Co ions are able to substitute the Zn ions in the ZnO lattice without influence the overall crystal structure. It is also expected that with increasing dopant concentrations the Zn-O bond length l could be changed due to the change in lattice parameters. The bond length as a function of dopant concentrations is tabulated in Table 1 . It is observed that the substitutional doping does not change significantly the Zn-O bond length l and the mean values are ≈3.74 Å. It is known that the breadth of the XRD peak can be linked to the average crystallite size, microstrain and defects or dislocations.
The average crystallite size using XRD measurements is not generally the same as the particle size due to powder aggregates. The average crystallite size as related to the line broadening can be calculated using Scherrer's equation, as given in Equation (2):
where <D> = volume weighted crystallite size, Κ = shape factor (close to unity in our work, it was set to 0.9), λ = Table 1 . The formation of ZnO wurtzite structures in the Codoped ZnO samples was further supported by FTIR measurements. Similar spectra were obtained for the undoped ZnO as well as the Co-doped ZnO samples (Figure 2) . Analysis of the FTIR spectra was done based on the results of nanoparticles published in the literature [30] [31] [32] . For all doped and undoped ZnO samples the absorption peaks in the range of 400 -700 cm −1 could be attributed to the ZnO stretching modes [33] . In our FTIR spectra the main peaks observed were: 1) absorption peaks in the range of 1100 -1600 cm −1 corresponding to the Zn-OH bending mode [34] , and this band could be normally reduced by calcinations process at higher temperature [35, 36] and to C-OH plane bending and C-OH out-of-plane bending [37] ; 2) a broad band in the 2900 -3700 cm −1 region which can be explained as overlapping O-H stretching modes and C-H stretching modes. C-H local vibrational modes between 2800 and 3100 cm −1 have been observed in a number of semi-conductors [38] [39] [40] . In these materials, the local vibrational modes are assigned to the symmetric and antisymmetric C-H stretching modes.
To study the electronic interactions near the optical band gap region due to the presence of dopants diffusereflectance measurements were performed on the samples in the UV-Vis region at room temperature. All spectra were obtained in the range of 200 -800 nm. Figure 3 shows the diffuse-reflectance spectra, R, as a function of wavelength for samples shown in Figure 1 . The spectra of Co-doped ZnO particles show peaks at 468, 515, 577 and 629 nm. It is reported, that these peaks are only possible in a Co 2+ ion with 3d 7 high-spin configuration in a tetrahedral crystal field [3, [41] [42] [43] [44] [45] [46] [47] [48] [49] . They were ascribed to 4 
A 2 (F) → 4 T 1 (P), and 4 A 2 (F) → 2 T 1 (G) transitions in high spin states (S = 3/2). The appearance of these transitions suggested that Co 2+ ions substituted the Zn 2+ in ZnO lattice. It may be noted that the peaks smeared out and the intensity of the reflection spectra decreased at Co concentration higher than 6 at%, indicated that additional Co ion incorporated into ZnO occupied sites with a different local crystal field [3] .
The bandgap energy of the doped Co-doped ZnO samples was calculated from the diffuse-reflectance spectra by plotting the square of the Kubelka-Munk function F(R) 2 vs. the energy in electron volts. The linear part of the curve was extrapolated to F(R) 2 = 0 to calculate the direct band gap energy. The inset of Figure 3 shows the bandgap as a function of the doping concentrations.
The absorption edge shifts to lower energies/longer wavelength. A similar shift in the absorption edge and band gap energy upon transition-metal (TM) doping was reported in Co-, Ni-, and Cr-doped ZnO nanoparticles [50] [51] [52] as well as other TM-doped semiconductor nanoparticles systems [53] [54] [55] . In addition to the reduction in the band gap energy, a decrease in the diffuse reflectance was also observed with increasing dopant concentration. The redshift of the band gap energy with incorporation of dopant into ZnO lattice was interpreted as mainly due to the sp-d exchange interactions between the band electrons and the localized d electrons of the dopant ions substituting Zn ions [32] . It is believed that the s-d and p-d exchange interactions lead to a negative and a positive correction to the conduction band as well as the valence band edges resulting in a band gap narrowing [32, 45] .
Information about the magnetic properties of Codoped ZnO, was obtained by room temperature VSM measurements. The results are displayed in Figure 4 . Plotted is the magnetization as a function of magnetic field for different contents of dopant. It is interesting to note that all the samples of the present investigation show ferromagnetic behavior. As is seen in Figure 4 the Co-doped sample has a well-defined hysteresis at room temperature with coercive field (H C ) and the remnant magnetization (M R ) increased with increasing doping concentrations. The coercive field (H C ) and the remnant magnetization (M R ) are found to decrease. The values of M R and H C are summarized in Table 2 . Accordingly, M R In Figure 5 the ESR spectra of Co-doped ZnO samples with different Co concentration in the range of 3 -18 at% are shown. It is known that the Co 2+ ion has 3d 7 and the electronic ground state is S 7/2 . The only natural isotope is 59 Co and the ESR spectrum is expected to show eight fine transitions. However, the ESR spectra of Codoped ZnO samples investigated here showed only a broad signal without splitting into additional peaks.
The broad signal was attributed to ferromagnetic resonance, which arises from long range exchange interaction and from transitions within the ground sate of the ferromagnetic domain [3, [55] [56] [57] . For all Co-doped samples the shape of ESR spectrum can be fitted with Gaussian in the entire range of magnetic field. The peak position and the linewidth (ΔH pp ) vary strongly with dopant concentrations. The peak position shifted to the lower magnetic field while the ΔH pp shows monotonous increase with increasing dopant concentration as expected for a ferromagnetic material [58] [59] [60] . It is believed that the observed broadening of the signal is due to the presence of a non-homogeneous local magnetic field, which modifies the resonance field as well as the line shape of the signal [4] . The corresponding g-values increased from 2.2005 to 2.3298 as Co concentration increased from 3 to 18 at% ( Table 2 ). that might be present in Co-doped ZnO. In Co-doped ZnO samples the possible secondary phase is due to Cometal clusters or Co-oxide precipitates. The possible Co-based oxides, such as CoO and Co 2 O 3 are antiferromagnetic with T N values of 293 and 30 K, respectively [61] [62] [63] .
Moreover, from the ESR spectra the presence of Cometal clusters and Co-oxide precipitates are not observed and can be excluded as the origin of RTFM in our Co-doped samples. The ESR results are supported by UV-Vis measurements data which show the characteristic transition of Co 2+ ions. Therefore, according to the characterization methods applied in the present study, the ferromagnetism behavior observed in our Co-doped samples studied here does not seem to be related with the presence of any secondary phases. Therefore ferromagnetism is expected to arise from the intrinsic exchange interaction of ferromagnetic in our transition metal doped ZnO samples.
The mechanism responsible for the observed ferromagnetism at room temperature in transition metal-doped ZnO is also not clear and has been debated over the years. Nevertheless a few researchers have claimed to observe ferromagnetic behavior arising only from a secondary phase and not from the intrinsic property of the material itself. The results of the XRD and EDX measurements in our Co-doped samples demonstrate that the dopant ion was incorporated into the wurtzite lattice at Zn sites forming a solid solution instead of precipitates. However, a secondary phase might exist in the sample even though it was not detected in our XRD spectra. Thus, it is useful to consider all possible ferromagnetic impurity phases There are several mechanisms proposed in the literature, such as ferromagnetism induced by structural changes [64] [65] [66] , Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, super-exchange, double exchange between the d states of transition metal ions, free-carriedmediated exchange and sp-d exchange mechanism etc. [67, 68] . However, all of these proposed theories cannot well accord with this present experimental results. In a recent paper, Coey et al. [20] proposed a ferromagnetic exchange mechanism involving oxygen vacancies (V O ), which form F-centers with trapped electron, for the observed ferromagnetism in transition metal-doped oxide semiconductors. Overlap of the F-center electron orbitals with the d orbitals of the neighboring transition metal spins (TMs) to form TMs-V O -TMs groups is crucial for the proposed ferromagnetism coupling [20] . From the discussion above, the ferromagnetic exchange mechanism involving oxygen vacancies model is an appropriate explanation for the observed RTFM behavior in our Co-doped samples. It would indicate that the oxygen vacancies are present in our transition metal doped ZnO.
Summary
In summary, Co-doped ZnO particles have been synthesized using the co-precipitation method and we have characterized their structural, optical and magnetic properties as a function of doping concentrations. No secondary phase was observed within the sensitifity of X-ray diffraction method. The optical band gap was found to decrease with increasing doping concentrations, indicating a clear red shift. All samples were found to exhibit room-temperature ferromagnetism. The specific magnetization-values were found to increase with increasing Co concentrations. From the ESR spectra in our dopant range, we obtained a broad line with g-value range from 2.23 to 2.17 attributed to ferromagnetic resonance arising from Co 2+ ions. This result is consistent with the result obtained from VSM and UV-Vis measurements.
